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ABSTRACT

Schedulingis widely recognizedas a very importantstepin high-
level synthesis.Neverthelessit is usuallydonewithout taking into
accounthe effectson theactualhardwareimplementation.

This paperpresentsan efficient symbolic techniqueto integrate
resourcallocationandoperatiorschedulingconcurrently Thetech-
nigue inherits all of the featuresof BDD-basedcontrol dominated
scheduling,including resource-constrainingspeculation,pruning,
etc. It proposesan efficient way of encodingallocationinforma-
tion within a symbolicschedulingautomatorwith a two-foldedtar
get: find aminimumcostallocationof operatiorresourcesatisfying
a given schedule and optimize the amountof registersrequiredto
storeintermediateesultsof operations.

1. INTRODUCTION

Recentechnologyadvancegushthe performancef currentelec-
tronic systemsgo new heights.However, thedesignpracticedoesnot
allow an increaseof the productiity of designerdo take full ad-
vantageof the available performancethis is particularlytruein the
embeddedsystemworld, where productmustbe designedn very
shorttime.

Thesesystemsare often specifiedat a very abstractievel andare
successiely refinedtoward animplementationwhich is partitioned
into hardwareandsoftware. To beableto rapidly explorealarge de-
signspacadt is desirableto have anautomatictool to generate pro-
totypeimplementatiorfrom a high level specification.In this paper
we addressheproblemof synthesizingustomhardwarefor embed-
dedsystemsandwe thusdevelopeda high level synthesigool that
we usein our hardvare/softvarecodesigrframevork [2].

Synthesif efficientandhigh performanceontrolunitsanddata
pathsfrom high-level behaioral specificationshaslong beencon-
sidereda very promising techniquefor tackling the ever growing
compleity of digital design. At the sametime, it is a very elu-
sive goal,becauseaftermorethan20 yearsof intensve researcl12,
4], andeventhe appearancen the market of someindustrial CAD
tools[11], high-level synthesiss still far from beingwidely usedas
its predecessorsegistertransferevel andlogic synthesis.

The systemghatwe aretargetingareoftena mix of dataandcon-
trol. However, mary HLS tools use CDFG astheir internalmodel
anddo not modelwell constraintscoming from input/outputoper
ationswith the externalworld (e.g.,synchronizationmin/maxrate,
jitter, etc.) andoften mostly datadependencieare handled,while
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controlis eitherignoredor handlecby completecasesplitting?.

Althoughwe useCDFGsastheinputspecificatiorfor ourtool, we
thereforedecidedo extendthemodelintroducedby [6], thatis atthe
sametime formal (basedon concurrentautomata)eficient (we can
usesymbolic representatiotiechniqued3] with enhancementde-
rived from concurrentspecificationrmodels),contmol-oriented (con-
dition evaluation and speculatre executionwere specific features
of [6]), andflexible (we canrepresent/O constraintdy restrictions
ontheautomatastatespace).

Traditionally, the high-level synthesigproblemhasbeensplit into
asequencef stepsin orderto make it manageable:

o allocationchooseghetypeandnumberof functionalunitsand
registers,andthusdeterminegart of thefinal cost(theinter
connectiorcoststill hasto beidentified)andperformancéthe
clock cycle is affectedby this stage);

e schedulingassigngime slots(oftenclock cycles)to I/O, arith-
meticandlogical operation®f the CDFG,andthusdetermines
partof thefinal performancéthe clock cycle still hasto bede-
fined);

e binding assignsa functionalunit to eachoperation a register
to eachvaluethat mustbe presered acrossclock cycles,and
enoughmultiplexersor bussego implementall requireddata
transferdqthis stepfurtheraffectsthe costandclock cycle).

This separatiorcomesat a costin termsof optimality, hencesev-
eralapproache$ave tried to combinetwo or moresteps.However,
sinceary of theseproblemsis NP-completeby itself, the combina-
tion generallyrequiresthe use of heuristics,that may thus forfeit
expectedmprovementswith respecto betterandmorecomple al-
gorithmsappliedin succession.

In this papemwe alsoaddresshisissue by combiningtheschedul-
ing and allocation stepstogether while keepingan implicit repre-
sentationof the completesolution space(as[6] did for scheduling
alone). Thedesignemuststill explore the designspaceby defining
the acceptablenaximumnumbersof functionalunits andregisters.
We believe thatthis datapatharchitecturedefinitionis too critical to
be left to atool, andwe provide the designemwith a quick feedback
ontheeffect of hisdecisions.

As [6] we represenimplicitly thefull solutionspaceby meansof
the statespaceof a productof automataandwe representesource
(allocation)constraintdy reducingthe concurreng of theautomata.

10nly recentlyapproachesuchas|[1, 10] that specificallyaddress
control-intensie CDFGshave beenintroduced.



Our contrikution is the introductionof an encodingmodel for the
allocation information, that allows us to take into accountalso es-
timatedclock cyclelength in additionto functional unit costsand
numberof clock cycles.

Oncethesetof valid scheduless computedsymbolically theextra
informationwe encodeallows usto find a schedulewith bestalloca-
tion cost,whereasn [6] aschedulas only checledto fit within the
givenresourcébounds.

In the sequel,we will briefly overview (Section2) someprelimi-
nary conceptswith a particularfocuson the relatedworks on sym-
bolic scheduling. We will then introduceour combinedschedul-
ing/allocationmethod(Section3), andwe will finally presentsome
experimentalkesultsattainedwith a prototypeimplementationSec-
tion 4).

2. BACKGROUND
2.1 High-level synthesis

Historically two basicapproachefiave beenusedfor scheduling
andbinding: heuristicsand Integer Linear Programming. Priority-
basedheuristicmethods(e.g.,[15]) canaccommodate variety of
data-dominatedndcontrol-dominatetbehaiors, quickly findinggood
solutionsfor large problems,and can consideralso somebinding
information. On the other handthey may fail to find an optimal
solutionin tightly constrainecproblems whereearly pruningdeci-
sionsexclude candidateseadingto superiorsolutions. Integer Lin-
ear Programmingmethods(e.g., [9]) cansolve schedulingexactly.
However, the ILP compleity significantlyincreasedy considering
controlconstraintgif-then-elseandloops)andbinding information,
andthuscanleadto unacceptablexecutiontimes. Moreover, they
consideronly onesolutionat a time, andhenceare not particularly
suitablefor interactie synthesis.

2.2 Symbolicscheduling

Morerecently[16, 13,6, 7, 5] symbolicmethods$have beenproved
effective in finding exact solutionsin highly constrainedproblem
formulations. In theseformulationsschedulingconstraintsare rep-
resentedas Booleanfunctions,andall solutionsareimplicitly enu-
merated.Post-procespruningcanbe usedto apply additionalcon-
straintswhich maynot have efficientformulationfor thepreviousap-
proachesMoreover, symbolicmethodsyield a very efficient formu-
lation of controldependencieandernvironmentaltiming constraints.

[16] proposeda symbolicformulationthatallows speculatie op-
erationexecutionandexactresource-constraineztheduling.[6, 5]
improvedthepreviousmethodby proposinganew efficientencoding
(which only indicates‘whetheror not” andnot “when” anoperation
hasbeenscheduledjo improve executiontime and[7] handledoops
in DFGs.

Their schedulingechnique(aswell asours)assumesninputin
the form of a Control Data Flow Graph(CDFG).A CDFGis a di-
rectedagyclic grapt describingboth data-flav and control depen-
dencieshetweerthe operations.Operationnodesareatomicactions
potentiallyrequiringuseof hardwareresource$or oneor moreclock
cycles.Directedarcsestablishalink betweereachoperationrandthe
predecessorthat producedatarequiredby it. A sourceanda sink
areaddedbeforeevery operationwithout predecessorandafter ev-
ery operationwithout successorsConditionalbehaior is specified
by meansof fork andjoin nodes,anddirectedarcsalsoestablisha
link betweenthe operationevaluatingthe conditionandthe related
fork/join pair. Operationgthat are neitherconnecteduy a directed

2We currentlymodelcyclesby arbitrarily breakingthemandimpos-
ing the samebinding to datadependenciethat have beencut. A
betterformulation,consideringalsointer-iterationoptimizationsuch
asunrolling andpipelining[10], is left to futurework.

path,nor mutually exclusive dueto a precedingfork node,are con-
current. Figurel shavs anexampleof CDFG.

X CDFG source

Fork

Control Dependency

dency
/ Data Depen
if (x>0)
y=X+ 1 op3
else
y=x-1
CDFG sink

Figure 1: An exampleCDFG.

2.3 SchedulingAutomata

A schedulingproblemcan be representedy an automatonde-
finedby thefour-tuple(V, 8,5, St), whereV is thefinite, non-empty
setof statesp : V — V' is the next-statefunction,andS andS; are
setsof initial andfinal stategespectiely.

Eachoperation in the CDFG (excludingfork andjoin operations)
is modeledby a two-stateautomatonasshavn in Figure2(a). State
0 meanghattheresultof the operationis not available,while statel
meanshatit is available

G= §ef. 8o

(b)
Figure2: Schedulingautomata.

This formulation allows standardsymbolic reachabilityanalysis
techniqueso beemplo/edto determingheexactvalid setsof sched-
ules. Presenstatesaredescribedby a vectorof p variableswhile a
vectorof n variablesis usedfor next states.The characteristidunc-
tion of a setof statesSC V is expressedas xs(p). With a slight
aluseof notation,in therestof this paperwe liberally identify a set
of statesijts characteristidunction,andits BDD representationWe
will thususeS(p) for Xs(p).

Thetransitionrelationof thei-th operatioris encodedvith exactly
two Booleanvariableg(p; andn;), asfollows:

e pi = 0= n; = 0: operation hasnotbeenschedulegreviously
andwill notbescheduledn thenext cycle,

e p = 0= n; = 1: operation hasnotbeenschedulegreviously
andwill bescheduledn thenext cycle,

e pi = 1= n; =0: operation hasbeenschedulegreviouslybut
theresultwill nolongerbeavailablein thenext cycle (because
the registerholding it hasbeenre-used);this is forbiddenin
[6], aswell asin our solution, in orderto reducethe BDD
representatioffior the sale of efficiengy. As a consequenca
registercannotbe re-usedvithin a schedulingrace,

e pi = 1= n; = 1: operationi hasbeenscheduledreviously
andtheresultremainsavailable.

The completeschedulingis the Cartesianproductof the automata
(Figure2(b)), restrictedoy severalconstraints\We briefly summarize

3The samemodel, if the sink is connectecbackto the source,can
alsobeviewedasasafePetriNet. In this papemwe usetheautomata-
basedhotationfor consisteng with [16].



heredependencandresourceconstraintssincethey will beusedin
thesequel:

e datadependenciesnposeanorderingon operationexecution;
the automatormodelingan operationis allowed to make the
0 = 1 transitiononly after all thoseproducingvaluesfor it
have madethe sametransition,i.e., it is illegal to schedulean
operationwith a predecessahathasnotyetbeenscheduled:

Pin;j isillegalfor all i — j datadependencies

e resourceonstraintdimit thenumberof automatahatcanmale
the0 = 1 atagivenclock cycle. Given aresourcesetwith |
resource®f a givenkind (e.g.,multipliers) available,andthe
setp of operationccompetingfor sucharesourceijt is illegal
to schedulemorethanl operationgrom p in asinglecycle.

Z (Biny - ... Prnk) isillegalif |{i..k}| > |
{i.k}ep

Let Sy(p) betheinitial stateof the schedulingoroductautomaton,
in whichnooperatiorhasbeenscheduledThesetof reachablestates
on thei-th clock cycle may be computedrom the startingpoint by
theiterative imagecomputation:

S = Fp[S-1(p)-3(p,n)] @)

Valid schedulesirerepresentedly statepathsthatreachafinal setof
statedn which terminaloperationshave beenscheduledwith some
additionalvalidity criteria (thatwill be describedmoreformally in
Section3). Speculatie executionmayallow someoperationsaftera
fork andbeforea join to be scheduleeforethe conditionevalua-
tion hasbeenscheduled However, the conditionmustbe scheduled
beforethe join operationmay occur Moreover, for eachpossible
combinationof condition results,all the correspondingoperations
mustbe executedn orderto completethe schedule.

3. OUR COMBINED SCHEDULING/ALLO-
CATION APPROACH

The methodof [6] canfind all the minimum lateny schedules
with givenresourcdimits. All allowed schedulesreimplicitly rep-
resentedn termsof BDDs asaresultof asymbolictraversalprocess.
But theproposedechniquds notableto seekfor optimalallocations
within thebounds.

Ourmethodfindsa symbolicrepresentationf all minimal lateng
schedulesllowed by a given setof resourcegasin [6]). Further
more,eachschedulés (symbolically) associatedvith all valid sub-
setsof allocatedesourcessothatthecombinedallocation-scheduling
spacecanbe exploredfor bestallocationpurposesThisis achieved
by encodingall possibleallocationsof resourceswithin the given
limits. Theextrainformationkeepstrackof allocationswithin sched-
ule automatontraversal,andit is finally usedto selecta schedule
with optimalallocation(possiblyusinglessresourceshanprovided
by bounds)or agivenlateng.

Ourapproachontheotherhand,considersheinformationwhether
theoutputof ascheduledperationis usedimmediatelyor later, im-
plying a registerin the latter case. A registeris requiredwheneer
an intermediateresultis producedand usedin differentcycles. A
direct connectionwithout register is allowed betweenpredecessor
anda successom the CDFG, provided that the two operationsare
executedn the samecycle andtheir combineddelaysarelowerthan
a specifiedupperbound. We modelthis constraintas an additional
pruningconstraintor thetransitionsin the productautomaton.

The designemprovidesthe input CDFG, aswell asa setof func-
tional units that canimplementthe CDFG operationsand a bound
on the maximumnumberof registers. Eachoperation,e.g.,an ad-
dition, maybeimplementedy several choserfunctionalunits, e.g.,
anADD/SUB or anALU, with differentdelay areaandpower.

EXAMPLE 1. Let us supposeto havethe pseudo-codef Fig-
ure 3(a),andthecorrespondindFG of Figure 3(b). Several schedul-
ing solutionscanbefoundfor it, dependingpntheresoucesusedfor
ead opemtion (e.g., an ADDERor an ALU for an addition),on the
numberof resoucesallocated,and on the choice of whee to put
registers.

a b c¢c d
vi = a+b
Vo = b+c V%D/VZ v
vz = c+d
V4 = VikVWp V4
Vs = Vi—Va \‘,5
@) (b)

Figure 3: Pseudo-codeand DFG.

Figure 4 and Table 1 showsomeof the possibleschedulingin-
stanceswith different combinationalresouce and register alloca-
tions. In particular, solutions(a) to (d) allocateexactly oneregister
for eadh combinationalopemation, whereassolutions(e) and (f) al-
low combinationalpropagation of data thusrequiring lessregisteis
andcycles(tradedoff by a possiblylonger cycletime).

a b ¢ d
a b ¢ d ()
SO e
%) OO )
()
() (b) (c)
acdacd acd
ORO) () (¥ () (¥)
(d) (e) ®

Figure 4: Schedulingsolutionsfor the proposedDFG. Combina-
tional multipliers and ALUs with multiply are considered. Each
row is executedin a differ ent cycle. Registersare allocated on
edgesconnectingdiffer ent rows.

Ourapproachargetshothcombinationatesourcendregistermin-
imization. In particular we keeptraceof every possibleallocation
of combinationalresourceswhile symbolically computinga set of
schedulesin orderto be ableto finally selectthe bestone,givena
table of costs(e.g.,areaor power). Regardingregisterswe accept
asconstraintsa maximumnumberandan upperboundon combina-
tional propagatiordelay We compute,if thereexists one,a sched-
ule compatiblewith the above boundswhich allows registersharing
amongoperation®on mutually exclusive scheduldraces.

3.1 Accounting for allocation of combinationa
resources

The first part of our contritution concernsoptimal allocationof
resources

“4For sale of simplicity we only considerhere combinationalre-
sourcesor sequentialresourcesoperatingin one cycle. But our
methodsupportsalsomultiple cycle operationsasdescribedn [6].



Figure 4 # Resources # Cycles | # Registers
ALU + — x
(@) 0 1 1 1 4 5
(b) 0 2 1 1 3 5
(© 1 0 0 O 5 5
(d) 1 1 0 O 3 5
(e) 2 1 0 O 2 1
(U) 1 1 1 0 2 2

Table 1: Resourceallocation and latency for the DFG analyzed.

We extend the model of [6] by symbolically encodingthe extra
informationrequiredby the allocationprocess.

In particular let S€ V be a stateof the scheduleautomatonde-
scribedby its characteristidunction S p). We canassociateo it the
numberof resourcesillocatedor ary givenresourceclassR:, where
c e 1..Nr is theindex of theclassandNg is the numberof resource
classes.

Let uscall allocationinstanceasetof allocatedesourcesgivided
in classes.For example,a = (|R1| = 1,|Rx| = 2,|R3| = 2) isanal-
locationinstance(1 resourceis allocatedfor classR;, 2 resources
eachare allocatedfor classesR, and R3). A schedulesolutionis
compatiblewith an allocationinstanceif (dueto resourcesharing
acrosddifferentcycles) eachcycle of the schedulerequiresat most
all the resourcesn the instance. Let A be the spaceof all alloca-
tion instances.We introducea setof additionalinteger variable$
pr = {pRl, PRy - - » PRy } describingthe A space.A pointin the
A spaceis an allocationinstance.A subspacés a setof allocation
instancesWe areableto expressa statein theV x A spacewith the

setR(p, pr), suchthatwe have a statefor ary possibleinstanceof
allocatedresourcegseeFigureb).

0>0 1-1 0=0 1-1 0=0 1-1
8 0>1 O: 8 0>1 O: 8 0>1 O:
|Rc|=1 |Rc|=1 |Rc|=2 |Rc|=2 |Rc|=n |Rc|=n

Figure5: Schedulingautomatonwith allocation instances.

ExXAMPLE 2. Letusconsider3 resouce classesR;, Ry, and Rs.
AsdedulerstateS(p)with anallocationinstancea= (|R;| = 1, |Ry| =
2,|R3| = 2), isrepresentedy:

SRa(P; PR;; PRy PRy) = S(P) - (PR, = 1) - (PR, = 2)- (PR, = 2)

wheeasthe samesdcedulerstatecombinedwith a setof allocation
instanced = (|Ry| = 1, |Ry| < 2,|R3| < 2), is expresseds:

SRo(P; PRy» PRy PRs) = S(P) - (PR, = 1) - (PR, < 2)- (PR, < 2)

Given the pr variablesand an upperbound |R¢|uwax for the re-
source®f theR; classtheinitial statesetof thescheduleautomaton
is:

sRr(pPR)=s(P)- [] (PR <[Relmax)

cel.Nr
whereeachoriginal statein V is augmentedvith all legal allocation
instances.

Eachelementof the setexpresses possibleallocationwithin the
bounds.Thetargetof our schedulers to find a schedulewvith lowest
resourcecostwithin a givenboundon thenumberof clock cycles.

By alsointroducinga setof ng variablesdescribingthe next state
spacethetransitionrelationd is extendedo dr:

Sr(P:PR) =8(P)- [] (PrR.="R)

cel.Nr

50ur BDD-basedmplementatiorusesa Booleanencodingof inte-
gervariables.

wherethe additionalproducttermscaptureshe fact that the setof
resourcesllocateds keptconstan{albeitunderusedn somecycles
or clock cycles).

A schedulemay or may not be compatiblewith an allocationin-
stancej.e.,with agivenamountof availableresourcesForinstance,
giventhesetp of operationghatcanbeexecutedby theresourcesf
classRc, schedulingn onecycleasubsefi..k} C pc of operationss
notallowedif thesetexceedgheallocatedesourceg|{i..k}| > |Rc|).
This canbe handledthroughadditionalconstraintson the transition
relation,onefor eachresourceclass:

Or(P,PR) =0(p)- [] ((Pr.=nR) -Cr.(P,N,PR.))
cel..Nr
A Cg, constraintis true for the transitionsallowed by a given allo-
cationfor the R; class. We expressit asthe complemenbf illegal
transitions:

Cr.(p,n, pr,) = lllegak (p,n, pr.)
llegak (p,n, pr.) = Z (Pini-...-Pxnk) - (Pr, < [{i-K}H) (2)
{i-krepc

We usethedr transitionrelationwithin asymbolicschedulebased
on [6]. Thesetof schedule®btainedafterthe traversalandvalida-
tion phasesmplicitly containsall possibleschedulesndallocations
within givenresourcebounds.

More specificallyvalidation guaranteeshatall statesin thefinal
setof schedulesrecharacterizedy avalid allocationinstancej.e.
the stateis on a valid schedulingtracefrom the initial stateto ter-
mination. In particular the validatedinitial statesets g yalidated
includesall possibleallocationsfor the computedsetof schedules.

The selectionof a minimum costallocationis donein two steps.
We first extract the maximalsetof allocationinstancecommonto
all initial statedn s:

Alloc(pr) = ¥p(S rvalidated Ps PR))

Thenwe operatea minterm selectionusing a weightedsum of the
allocationinstances.Eachresourceclassc is assigneda weight we
(e.g.,an areaor power estimatedcost, see,for example, Table 2).
Theallocationcostof a mintermin the A spaces defined:

AllocCost(pr) = Alloc(pRr) - Z (We- PR,)
cel.Nr

We finally choosethe mintermthatminimizessucha costfunction:
Pr min = ArgMin(AllocCost(pr))

Schedulingselectionthenresumesanda schedulingraceoriginat-
ing from s g validated Ps Pr min) is selectedollowing the strateyy
of[6]. ’

Theabove techniquecanbe usedin orderto find aminimumarea
or power allocationandthe correspondingschedulewithin a given
lateng.

3.1.1 Partial Encodingof AllocatedResouces

The techniquewe proposehasan additionalcostcomparedwith
theoriginalmethodof [6]. In fact,theresourceconstraintof [6] can
be derived from equation2 by replacingthe pr, variableswith the
(constantyesourcéboundlg,:

Megak(pr) = 5 (Fm-..Fan (. <-4}
{i-k}epe

Theexperimentakesultssectionshavs acomparisorbetweerthe
two solutions.In particular it comesoutthatthefull encodingwithin
theallocationspacemayhave arelevantimpacton memoryandtime



performanceBut this allows anexactsearchof schedulesvith min-
imal allocation.Wheneer theadditionalcostis too high, asequence
of partialexplorationsof the allocationspacemaystill convergeto a
nearlyoptimal solution,at a lower cost. We call this Partial Encod-
ing of allocationresources.

An exampleof suchintermediateapproachs to encodeallocated
resourcedor a given classR; only abave a lower thresholdthg,,
while associatingio allocationencodingfor allocationsabove thg, .
For instanceonecould fully encodeall setson allocatedresources
with 5 < |R¢| < 8, while providing no encodingfor smalleralloca-
tions (|R¢| < 4). This would obviously allow finding an optimal al-
locationin the range5..8, andrequirea further explorationto look
for a solutionin lower ranges. The overall processwould imply a
sequencef scheduling/allocatioproblems possiblycorverging to
afinal optimal (or sub-optimal)solution.

3.2 Registerallocation

Thetargetof our registerallocationpolicy is to maximizecombi-
nationalconnectionsvith an allowed propagatiordelay sothatwe
possiblyavoid the registersto latch the resultsof someoperations.
As a motivation for this work, it is worth noticing thatthe costof a
register(especiallyin termsof area)is comparablevith thatof com-
binationalresourcedik e addersandcomparatorgsee,for example,
Table2, Sectiord).

We now acceptan operationto be scheduledn differentcycles
without latchingits result. We modify the meaningof the operation
encodingproposedy [6]. In particular statel for thei-th operation
meanghattheresultof theoperationis latchedin aregister whereas
a combinationaloperationis possibleeven in stateO, if a succes-
sorrequiresit. Of coursemaximumcombinationaldelaysmustbe
checled.

In orderto supportthe above encodingwe updatethe datadepen-
deny constraintsand the way we accountcombinationalresource
usage We first definethe actvity of anoperationto allow combina-
tional propagatiorof theresultto successors:

Active (p,n) =Pini +m Z Activej(p,n)
1=
A combinationabperation is active (andallocatesaresourcejvhen
a0= 1transitionis scheduleqandtheresultis latchedin aregister)
or the next stateis 0 (no latching) and a successolj is active (it
requiresgheresultof i througha combinationapath).

Data dependencieare replacedby proper checkson combina-
tional propagatiordelays. Whenerer an operationj is actie, it is
illegalthatoneof its operandg€omesrom acombinationapathwith
invalid propagatiordelay Let delay be the combinationalelay of
operationi, let Dy bethelimit for propagatiordelayson adatapath,
andlet — j bethesetof predecessorsf j onadatadependengcpath.
Then

Activej(p,n)-( ) (delay)>Dwm)- [] pi

i€=] €]
isillegal.
Resourcellocationencodingsare alsomodified, to take into ac-
countthe combinationakctiity of anoperation.Thepin; - ... - Pkhk

termsin equation2 arechangedo Active (p,n) - ... - Activec(p,n).
It is worth noticing thatan operationis now allowedto be activeon
multiple cycles,but its resultmaybelatched(if required)only once.
As a consequencef the nev encodingwe chose,a scheduling
automatonstatenow hasa p; = 1 for every operationi requiring
aregister The numberof registersrequiredby a schedulepathis
equalto thenumberof p; = 1 bitsin theterminalstate.Theterminal
statesetthusimplicitly containsall requiredinformationsto know
the registerusageof a given setof schedules.More specifically if
we allow registersharingamongmutually exclusive scheduldraces,
anallocationfor the numberof registersmay be checled by simply

filtering out stategequiringtoo mary registers.

The conclusionis thatwe areableto find a scheduld(if thereex-
ist one)with bestallocationcostfor combinationaresourcesgiven
a maximumallowed combinationaldelay anda limit on the num-
berof registers.And we areableto symbolicallyselectit amongall
possibleregisterlocationsin the CDFG. Theonly constrainthatwe
currently assumes to always requirelatcheson operationscondi-
tioning a fork/join andon terminaloperationgi.e., thosethat affect
theexternallyvisible stateof the CDFG).

( Circuit | Area Cost [ Power Cost ||
ADD 1.00 1.00
ALU 2.56 2.26
COMPARATOR 0.58 0.56
MUL 8.35 9.70
REGISTER 0.40 0.09
SUB 1.03 1.02
UnaryMINUS 0.42 0.25

Table 2: Areaand Power and costsfor the benchmark analyzed.

[ Circuit [ # Operations | # Conditions ||
oven_control 12 3
maha 14 6
rotor 35 3
ewflxl 26 0
ewfl1x3 78 0
fdctix1l 42 0

Table 3: Circuit Complexity in terms of Number of Operations
and Conditions Checked.

4. EXPERIMENTAL RESULTS

We shav experimentalresultson the following setof DFG and
CDFGbenchmarks:

o Elliptic WaveFilter (EWF); ewf-1 is thestandard4-operation
singleiterationfilter; ewf-n is a sequencef n unrollediter-
ationsof thefilter. ewf-nxm is the parallel executionof m
copiesof thefilter, eachunrolledn-times.

e DiscreteCosineTransform(FDCT);fdtc-nxm followsthesame
notationasewf-nxm.

e oven_control andmaha aretakenfrom [14].
e rotor is from [16]. It performsarotationof coordinates.

We presentin Table2 somestatisticsregardingcostsin termsof
areapower andtime of the cellsusedto implementour benchmarks.
Dataare collectedstartingfrom a VHDL descriptionof the circuit
andusingthe SynopsyDesignCompiler[8] with the AMS library.
All variablesare 16 bit wide, andwe presentdataon logic only, ex-
cludinginterconnectosts. All dataarenormalizedwith respecto
the costsof theadder

Table 3 shaws the complity of the benchmarksetin termsof
numberof operationsandnumberof conditionschecled. The CD-
FGs and DFGs are similar but not identicalto the onespresented
in [16, 6], andthis explainssomedifferenceqseeTables4 and5) in
termsof numberof cyclesandresourcesllocated.

We ranourexperimentona500MHzPentiumlll with 256 MB of
mainmemory

Table4 and5 compareghe resultsobtainedwithout andwith al-
locationencoding.In particularthe experimentsin table4 wererun
with the an algorithm equivalentto the one presentedn [6], soit
could not find the schedulewith bestallocation,but it just checled



Circuit Cycle # Resource Mem. | CPU
Bound # [Mb] | Time

oven_control 8 4+,4C,4- 4.6 0.1
maha 7 4+,4C,4- 5.4 0.5
rotor 7 | 4+,4C,4-,4*4u 9.1 5.0
ewflxl 13 8+ 4.8 0.3
ewflx3 28 8+ 8.5 7.5
fdctix1 10 4+ ,4— 4% 55 0.8

Table4: ScheduleResults. Terminology for columnsResource #: ADD=+, ALU=A, COMPARATOR=C, SUB=, MUL= %, UnaryMI-
NUS=u.

theresourcebounds.Table5 shavs the sameexperimentswith allo- Trans.on ComputerAidedDesign 18(12):1715-172Dec.
cationencodingandsearchor bestallocation. 1999.
For eachCDFG we first presenthe lateng of the final schedule [11] D. Knapp.Theanatomyof a silicon compiler
(# Cycles, theresourceboundandthe bestallocation(5 only). The [12] G.D. Micheli. Synthesisnd optimizationof digital circuits
numberof registers totalmemoryusageandCPUtime for symbolic McGraw-Hill, 1994,
exploration (including BDD encoding). Two of the experimentsin [13] C.MonaharandF. Brewer. SchedulingandBinding Bounds
table5 (ewf1x3 and fdct1x1) wererun asa sequencef 2 partial for RT-Level SymbolicExecution.In Proc. |[EEE ICCAD'97,
allocation sub-problemgsee Section3.1.]) in orderto shav the page230-235 SanJose California, Nov. 1997.
lower costs,comparedvith the previousfull endingcase. [14] A. C. Parker, J.T. PizzarroandM. Miinar. MAHA: A
Overall, all experimentsshaw thatthe problemsaretractablewith Program‘or’DatapatHSunt’hesisln Proc. IEEE/ACM
alrll accgptableperformancdoss,tradedoff by the ability to find best ICCAD'91, pagesA61-466 L asVegas,Junel986.
allocations.

[15] P. G.PaulinandJ.P. Knight. Force—DirectedSchedulingor
the Behavioral Synthesiood ASICs.|EEE Transactionsn

5. CONCLUSIONS AND FUTURE WORK CAD, 8:661-679,une1989.

We present new approacHor anintegratedsymbolicscheduling [16] 1. Radwojevic andF. Brewer. A New Sybolic Techniquerfor
andresourcallocation. The methodproposedstartsfrom a state-of- Control-DependerchedulinglEEE Transactionson CAD,
the-artsymbolicschedulingechnique andextendsit to targetboth C-15(1):45-57Jan.1996.
combinationatesourceandregisterminimization. As a by-product,
it allows tradingoff lateng with cycle time, sinceregisteroptimiza-
tion is basedon allowing combinationatonnections.

Experimentalresultson benchmarkCDFGsshawv that our solu-
tion is feasiblewith acceptabl@erformancdoss,comparedvith the
improvementproposed.
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Table5: ScheduleResults. Terminology for columns# Resources: ADD=+, ALU=A, COMPARATOR=C, SUB=—, MUL= %, UnaryMI-

NUS=u.

Circuit Cycle # Resource # Register # | Mem. | CPU
Bound | Best Allocation [Mb] | Time

oven_control 8 4+,4C,4- 2+,2C,1- 12 4.7 0.2
maha 7 44 ,4C 4 2+,1C,2— 13 6.3 1.0
rotor 7 4+,4C,4-,4*4u | 1+,1C,1-2*1u 12 12.4] 105
ewflx1 13 8+ 4+ 26 5.1 0.6
ewflx3 28 8+ 3+ 78 145] 79.0
ewflx3 28 8+ (2 partial) 3+ 78 135] 450
fdctIx1l 10 A4 ,4— 4« 2+,2— 3« 42 140 165
fdctlx1 10 | 4+,4—,4« (2 partial) 2+4,2— 3« 42 6.0 3.0




